INTRODUCTION
The prognosis for patients with T-cell acute lymphoblastic leukemia (T-ALL) and peripheral T-cell lymphomas (PTCLs) remain poor, with no potential curative option beyond chemotherapy and its large trade-offs in potential short and long-term toxicities. 1 In recent years, CAR therapy has shown promise as a powerful new adoptive immunotherapy technique for a number of solid and hematological cancers, most notably B-cell lymphoma. [2] [3] [4] CAR therapy utilizes modified patient immune cells, traditionally T and more recently NK cells, 5, 6 to target and eliminate malignancies in a major histocompatibility complex-independent manner. Strategies targeting T-cell malignancies using CAR-mediated therapy against T-cell antigens have been limited due to concern over the potentially higher immunodeficiency impact of T-cell depletion vs B-cell aplasia for current CAR-directed anti-CD19 clinical trials. 3 In addition, directing CAR-modified T-cells against shared T-cell antigens present on malignant cells could result in self-targeting and compromise of therapeutic ability. We hypothesized that T-cell self-targeting could potentially be mitigated by using NK cells instead.
NK cells are CD5 − and CD3 − large granular lymphocytes constituting an important part of the innate immune system. Their use as anti-cancer effector cells have been well documented in targeting a variety of malignancies 7-10 and, importantly, possess different cytotoxic and persistency mechanisms that may be utilized as an alternative or complementary type of therapy from T-cells. [11] [12] [13] [14] One differentiating factor is that the short NK cells lifespans relative to T-cells prime NK cells for transient immunotherapy 11 and the lack of shared antigens would preclude self-targeting and compromise of immunologic function. CARmodified NK cells are expected to be exhausted shortly after tumorlysis, with a turnover time between a week to 2 weeks. 11 This transient effect may preclude the need for an inducible safety switch. 2, 15, 16 In addition, NK cells have been seen to mediate antitumor effects with little risk of graft-versus-host disease and have been validated in CAR applications 11, 13 as well as efficacy in a number of clinical trials targeting solid tumor and hematological malignancies. 9, 14, [17] [18] [19] [20] [21] CD5 is not expressed in hematopoietic stem cells and other non-hematopoietic cells but is a characteristic surface marker expressed in a majority of T-cell malignancies including T-ALL and T-lymphoma in addition to some B-cell lymphomas. 22, 23 The anti-CD5 scFv domain in our CD5CAR design is derived from an established CD5-monoclonal antibody that has been used in previous clinical trials without irreversible off-target effects. [24] [25] [26] [27] In this proof-of-principle work for NK cells, we hypothesized that a CD5-directed NK cell therapy can be used as an alternative approach to target T-cell malignancies. In our studies, we show that CD5CAR NK-92 cells specifically target and eliminate both CD5 + tumor cell lines and CD5 + primary tumor cells in vitro. We also demonstrate potent tumor-directed cytotoxicity in two mouse xenograft models with significantly improved survival outlooks for CAR treated mice.
MATERIALS AND METHODS

Primary tumor cells and cell lines
Human primary tumor samples were obtained from residual bonemarrow aspirate samples after final diagnosis was made according to compliance protocols. KARPAS 299, CCRF-CEM, Jurkat, MOLT-4, JeKo and NK-92 cell lines were obtained from ATCC (Manassas, VA). NK-92 cells were cultured in NK-92 cell media (defined as alpha-MEM without ribonucleosides and deoxyribonucleosides with 2 mM L-glutamine, 1.5 g/l sodium bicarbonate, 12.5% heat-inactivated horse serum, 12.5% heat-inactivated FBS, 1 × Pen/Strep, 0.2% inositol, 0.02% folic acid and 50 uM beta-mercaptoethanol) supplemented with IL-2 (300 IU/ml) and fresh media every 2 days to a maintenance cell density of 0.3-1 × 10 6 cells/ml. NK-92 cells were then maintained for up to 3 months for in vitro and in vivo experiments. KARPAS 299, CCRF-CEM and Jurkat cell lines were cultured in RPMI, 10% FBS, 1 × Pen/Strep (Gibco, Waltham, MA, USA).
Co-culture assays and specific cytotoxicity assays CD5CAR and vector control NK-92 cells were incubated with CD5 expressing T-ALL cell lines: Jurkat (n = 4), CCRF-CEM (n = 4), MOLT-4 (n = 2), in addition to primary patient cells: CD5 + umbilical cord blood (UCB; n = 4) or peripheral blood (PB; n = 2) derived T-cells, and CD5 expressing primary human T-lymphoma cells: SPT-1 (adult Sezary syndrome; n = 2) and PT4 (unclassified PTCL; n = 4). In addition, CD5CAR NK-92 cells were co-cultured with T-ALL primary leukemia cells: T-ALL 1 (majority CD34 + CD5 − tumor burden, n = 2) and T-ALL 2 (majority CD5 + CD7 + tumor burden and cytoplasmic CD3 + , n = 4). CD5CAR NK-92 cells were also used against CD5 expressing mantle cell lymphoma (MCL) cell line JeKo (n = 2) and primary MCL sample L3-G (n = 2). For specific population lysis assays, PT4, T-ALL 2, UCB/PB T-cells and T-ALL 1 were used. As a negative control, CD5CAR and vector NK-92 cells were incubated with CD5-negative non-Hodgkin's Lymphoma cell line KARPAS 299 (n = 2).
Specific cytotoxicity assays were carried as described previously 10 with Jurkat, and CCRF-CEM cell lines.
Analysis of anti-leukemic activity was performed as described previously. 10 For a list of antibodies and reagents used, see Supplementary Table S1 .
Additional methods and materials are listed in Supplementary Methods consisting of CD5CAR design, specific conditions and mouse model construction and analysis.
RESULTS
Characterization of CD5CAR construct and expansion of CAR NK-92 cells
The CD5CAR design is comprised of anti-CD5 scFv, a CD8-derived hinge (H) and transmembrane region, and CD28 and 4-1BB intracellular signaling domains in tandem with the CD3 zeta signaling domain ( Figure 1a ). Western blot analysis was performed and immunoblotting with anti-CD3 zeta monoclonal antibody produced bands of predicted size (57.86 kDa) for the CD5CAR-CD3 zeta fusion protein ( Figure 1b ). There were no bands observed for the vector control lane as expected.
After transduction, the efficiency of the CD5CAR was determined by flow cytometry analysis to be 26.5% CD5CAR (Figure 1c ). To enrich for CD5CAR + NK cells, the NK cells that expressed the construct most avidly were harvested by fluorescence activated cell sorting. Following sorting, CD5CAR high NK-92 cells were expanded in vitro for 3-4 months with stable expression.
CD5CAR NK-92 cells eliminate T-ALL and lymphoma cell line cells in vitro
We evaluated the anti-tumor activity of CD5CAR NK-92 cells using CD5 + T-ALL cell lines ( Supplementary Figure 1) . A CD5-negative anaplastic large cell lymphoma cell line, KARPAS was used as a negative control ( Supplementary Figure 1 ). CD5CAR NK-92 cells were tested via 6 hour or overnight co-cultures in vitro using CCRF-CEM (n = 4), MOLT-4 (n = 2), and Jurkat (n = 4) cell lines with effector:target (E:T) cell ratios of 2:1 and 5:1. Compared to vector control NK-92 cells, we observed that CD5CAR NK-92 cells consistently and robustly eliminated all CD5 + populations (Figure 2c ). At an E:T ratio of 2:1, we find that CD5CAR NK-92 cells already demonstrate significant cytotoxicity (~90%) (Figure 2a ). With an E:T increase to 5:1, virtually 100% lysis was observed for all three T-ALL cell lines ( Figure 2b Supplementary Figure 1 ).
It is possible that NK cell expansion during target antigen binding can confound cytotoxicity measurements. Thus we employed two measures to verify the robustness of the co-culture assays. Absolute cell counts were performed to demonstrate significant depletion of total target cell populations. Second, specific cytotoxicity assays were performed as described previously 10 where % specific lysis was measured by comparing the survival of CD5 + target cells relative to the survival of negative control cells in the same treatment condition. 28 Although NK-92
Anti-CD5 CAR NK cells target T malignancies KH Chen et al 2154 cells have insufficient time during a typical co-culture experiment (o 24 h) to expand (~72 h), absolute cell counts of both effector and target cell populations reveal highly statistically significant differences in target cell populations as a result of tumorlysis ( Figure 2d ). Furthermore, the specific cytotoxicity assays against Jurkat and CCRF-CEM cells show consistent and comparable cytotoxicity numbers with the co-cultures performed above ( Supplementary Figure 2) . The specific cytotoxicity assays also show that control NK-92 cells exhibit intrinsic cell-lytic ability against Jurkat cells, albeit at an E:T ratio of 5:1 only, with negligible effect at lower doses ( Supplementary Figure 2 ). This might be due to the activation of the Fas-fas ligand pathway by NK-92 cells against Fas + Jurkat cells.
CD5CAR NK-92 cells recognize and lyse aggressive CD5 + primary T-ALL leukemic cells
We then tested the efficiency of CD5CAR NK-92 cells in recognizing and killing primary tumor cells. Co-culture experiments were conducted using patient samples T-ALL 1 (n = 2) and T-ALL 2 (n = 4) from leukemia patients unresponsive to standard chemotherapy. The phenotype of T-ALL 1 includes a small subset of T-ALL cells positive for CD5 (~14%) consisting of leukemic CD34 + CD5 + cells as well as a small population of 'phenotypically normal' CD34 − CD5 + T-cells (Supplementary Figure 3F ). Target populations were gated and quantified with flow cytometry using cell Cytotracker dye (CMTMR) to label T-ALL cells. We find that CD5CAR NK-92 cells target and are cytotoxic against the leukemic CD34 + CD5 + tumor cells as well as the normal T-population ( Supplementary Figure 4) . In contrast, CD5CAR NK-92 cells showed no lytic activity against the majority CD5 − cell population, implying specific and directed activity against target antigen epitopes.
The phenotype of the T-ALL 2 sample comprises of an~88% leukemic population that was potently lysed by CD5CAR NK-92 cells at high efficiency under an E:T ratio of 2:1, and approached 100% lysis when increased to a ratio of 5:1 (Supplementary Figure 3C, Figures 3a and b ). In addition, we conducted absolute cell counts that show T-ALL 2 target cells were significantly depleted during co-culture ( Figure 3d ). CD5CAR NK-92 cells target and eliminate primary PTCL and Sézary tumor cells Next, we evaluated the ability of CD5CAR NK-92 cells to kill primary T-lymphoma cells. An unclassified PTCL PT4 (n = 4) and chemotherapy resistant Sézary syndrome SPT-1 (n = 2) expressing CD5 primary sample were used as target populations (Supplementary Figure 3D, 3E ). The phenotype of PT4 consisted of CD5 + CD7 − malignant cells (Supplementary Figure 3E ) which were lysed at high efficiency approaching total ablation (Figures 3a and b ). The CD5 + Sézary population was also highly lysed by CD5CAR NK-92 cells, with substantial cell ablation at all E:T ratios (Figures 3a and b ). Both PT4 and SPT-1 target cell populations were significantly depleted as demonstrated by absolute cell counts ( Figure 3d ).
CD5CAR NK-92 cells deplete CD5 + normal human UCB T cells To assess the cytotoxicity of CD5CAR NK-92 cells against normal T-cells, we co-cultured CD5CAR NK-92 cells against UCB-derived T-cells (n = 6). We find that UCB T-cells are significantly depleted at all E:T ratios (Figures 3a and b ).
CD5CAR NK-92 cells lyse CD5 + MCL cells
Additional co-culture studies were conducted to assess CD5CAR activity against difficult to treat CD5 + mantle cell lymphoma with very few curative options. Cultures were conducted using the cell line JeKo (n = 2) established from PB mononuclear cells of a large cell variant of MCL as well primary lymphoma sample L3-G (n = 2) ( Supplementary Figure 2) . In co-culture studies at an E:T of 2:1, CD5CAR NK-92 cells lysed~80% of Jeko cells (Figure 3c) . Similarly, flow cytometry analysis shows depletion of the broad CD5 + L3-G population, with 495% lysis efficiency at lower E:T ratios (Figure 3c ). Absolute cell counts confirmed the highly significant depletion of target cell populations (Figure 3d ).
Efficient targeting and lysis of CD5 + cells within heterogeneous primary tumor cell populations
To further investigate the specificity of CD5CAR NK-92 cells in targeting CD5 + populations and potential off-target effects, we analyzed co-culture assays with T-ALL 2 and L3-G utilizing multiple markers to determine the effect of CD5CAR NK-92 treatment on each heterogeneous primary patient sample.
Flow cytometry labeling with CD34, CD3 and CD5 revealed that T-ALL 2 consists of two distinct leukemic cell populations: a majority CD5 + CD3 − CD34 − and a minority CD5 + CD3 − CD34 + subset (Supplementary Figure 3C) . In co-cultures with CD5CAR NK-92, we observed that the majority CD5 + CD3 − CD34 − leukemic population was virtually eliminated by CD5CAR treatment (498% cytotoxicity; Figure 4a ). The minority CD5 + CD3 − CD34 + population phenotypically exhibited a lower average level of CD5 expression. However, CD5CAR NK-92 cells still lysed this population at 480% efficiency (Figure 4a ). Of note was the third CD5 − CD3 − CD34 + population that remained unaffected by CD5CAR treatment.
Flow cytometry analysis with CD19 and CD5 separated the L3-G population into three distinct groups: a majority B-cell lymphoma CD5 + CD19 + population, a minority CD5 − CD19 + population and a small CD5 + CD19 − T-cell population (Supplementary Figure 3B) . The CD5 + CD19 + lymphoma population was lysed by CD5CAR NK-92 at 490% efficiency at an E:T ratio of 2:1, with a slight decrease in lysis efficiency at higher (standard) E:T ratios that may suggest a saturation of lytic activity. The CD5 + CD19 − T-cell population was targeted as strongly or more so, with a complete depletion of target cells at an E:T of 5:1 (Figure 4b) . In contrast the CD5 − CD19 + non-target population showed no significant effect (Figure 4b) . These results suggest that the CD5CAR NK-92 cells lyse CD5 + target cell populations with high specificity and potency.
CD5CAR NK-92 cells demonstrate dose-dependent tumor-lytic efficiencies for multiple CD5 + populations in vitro
We hypothesized that NK cell therapy may be posited as a transient therapy whereupon effector cells will be exhausted and Anti-CD5 CAR NK cells target T malignancies KH Chen et al short-lived after tumorlysis. Therefore, in order to investigate potential dose-dependent relationships, we diluted the E:T ratios to 0.25:1 (25 000 effector cells to 100 000 target cells) for co-cultures with a variety of CD5 + cell types, both malignant and non-malignant: normal human T-cells; PT4 lymphoma cells; T-ALL 2 cells; and CCRF-CEM cells. We observed similar dosedependency trends for all treatments, suggesting that CD5CAR NK-92 cells are versatile and possess potent and consistent cytotoxicity mechanisms against all types of CD5 + cell types (Figures 5a-c and Supplementary Figure 5 ). In summary, these studies show that CD5CAR NK-92 cells exhibited profound and specific anti-tumor activity in leukemic cell lines and patient leukemic samples for T-ALL, PTCLs and B-cell lymphomas expressing CD5 (Figure 5d ) with no effect on CD5-negative controls such as KARPAS.
CD5CAR NK cells demonstrate potent anti-leukemic activity in vivo
Two animal studies were employed to determine the in vivo antitumor activity of CD5CAR NK-92 cells. Overall, CD5CAR NK-92 cells demonstrated robust control and suppression of Jurkat tumor growth in xenogeneic mouse models. Sublethally irradiated NSG mice were intravenously injected with 1.0 × 10 6 firefly luciferaseexpressing Jurkat cells to induce visible tumor formation through IVIS imaging by day 3 and onwards (Figures 6a and b) . CD5CAR NK-92 cells were then injected on day 4 based on a rationale for maximum efficacy, by administering a one-course dose of 15 × 10 6 CAR or control NK-92 cells during the NK-92 life expectancy of around 10 days for mouse model 1 (MM1) and 10 × 10 6 CAR or control NK-92 cells during the 10 day window for mouse model 2 (MM2).
To observe NK-92 mediated tumor control and quantitate tumor burden, we measured the average light intensity measured in photons per second for the CD5CAR NK-92 injected mice versus that of the vector control treatment (Figures 6a and b) . On days 6 and 11, mice were injected subcutaneously with RediJect D-Luciferin and subjected to IVIS imaging to measure tumor burden (Figures 6a and b) . By day 11, this led to a 59% reduction in tumor burden for MM1 and an 86% reduction for MM2, with increased control and maintenance of tumor burden by day 14 for both mouse models, the end point of the projected NK-92 lifespan. For MM1, on day 11, two mice died 30 minutes after NK-92 cell injection, most likely due to stroke from injection procedure and NK-92 cell aggregation. 10 Similarly, on day 10, one mouse died as a result of injection procedure for MM2. Therefore, these mice were excluded from the survival curve and statistics pool for each model. To investigate the maintenance of tumor control, two additional low dose injections totaling 5 × 10 6 NK-92 cells were conducted through day 19 for MM1 and day 20 for MM2. This resulted in continued suppression of tumor growth and reduction of tumor burden by 475% and 490% for MM1 and MM2, respectively (Figure 6a and b) . Consistent with earlier injection courses correlated with tumor reduction numbers, tumor control remained only consistent and did not result in complete eradication of engrafted Jurkat cells (Figures 6a and b) . Future experiments could be conducted to determine a more optimal dose related to efficiency and infused cell numbers.
In both xenogeneic mouse models, CD5CAR NK-92 cells robustly reduced tumor burden, controlled tumor growth, and significantly prolonged survival in the Jurkat-injected NSG mice when compared to control NK-92 treatment (Figures 6a-c) . Paired t-test analysis of the tumor burden revealed highly significant differences (P o 0.01) between each treatment group and their respective controls (Figures 6a and b) . Similar significant improved survival rates were observed for CD5CAR treated mice in both models (Figure 6c ). CD5CAR NK-92 cells failed to completely eradicate established Jurkat tumor cells and leukemic cells did ultimately re-emerge from murine reservoirs likely inaccessible to NK-92 cell infiltration. CD5CAR NK-92 cells may also have been impacted by the lack of murine suitability for optimal human NK cell homing and persistence as we were unable to detect CD5CAR NK-92 cells in blood, bone marrow and spleen beyond day 30 (data not shown).
DISCUSSION
T-cell leukemia and lymphomas are aggressive cancers with very few curative options, limited treatment standards, and poor prognoses. In our studies, we show that a CD5CAR-redirected human NK cell line, NK-92, could be posited as a complement therapy to CD5CAR transduced T-cells 29 with the potential benefits of transient NK-cell specific activity, and a safety profile in line with most CAR therapy targets. 5, 14, 30 We found that CD5CAR NK-92 cells possessed potent and specific target directed anti-tumor effects in vitro. Furthermore, CD5CAR NK-92 cells were able to undergo stable expansion ex vivo and possessed efficacious and targeted cell-lytic properties to effectively control tumor growth in xenograft models of T-ALL.
CD5 is strongly expressed on the surface of normal and malignant T-cells prompting concerns that CARs targeting T-cell malignancies will incur T-cell aplasia similar to the B-cell aplasia observed for CD19CAR clinical trials. However, anti-CD5monoclonal antibody clinical trials have shown some efficacy in combating CD5 + malignancies and self-reactive T-cells without major irreversible toxicity. A lack of persistency and sustained effect by the murine antibodies suggest at the need for more targeted and potent therapy. 24, 31 A recent report 29 showed that the level of cytotoxicity against normal T cells by CD5 CAR T cells was limited, but this was not the case for our CD5CAR NK cells. CD5CAR NK cells lysed normal T-cells as efficiently as CD5 + malignant cells (Figure 3 ). We also generated CD5CAR T-cells using a CD28 co-stimulatory domain (unpublished data) and tested their ability to lyse normal T cells with the result that our CD5CAR T-cells efficiently eliminated normal T-cells comparable to CD5CAR NK cells. The different levels of cytotoxicity against normal T-cells by our CD5CAR and the previous report 29 may be due to the choice of the anti-CD5 scFv modulating potentially different mechanisms requiring further exploration as well as optimizing different effector : target cell ratios.
CD5CAR NK-92 cells showed profound efficacy, specificity, and potency in anti-tumor applications in vitro. CD5CAR NK-92 cells were able to lyse malignant target cell lines at 495% efficacy for all co-cultures with Jurkat, CCRF-CEM, and MOLT-4 cells. In addition, CD5CAR NK-92 cells were able to produce potent and specific anti-tumor effects on primary malignant T-cell disease samples, with virtual elimination of target tumor populations without effects on CD5-negative population subsets (Figure 4 ). In addition, CD5CAR NK cells were able to effectively target MCL, an aggressive CD5 + B-cell lymphoma comprising of 3-10% of B-cell lymphomas (Figure 3c ). MCLs (which usually expresses CD5) severely lack reliable curative treatments and frequently relapse with a characteristic inexorable pattern of disease progression. Our results with CD5CAR NK cells against mantle cell samples suggest an avenue of potential application for this disease.
The in vivo efficacy of CD5CAR NK-92 cells are comparable to the CD5CAR T-cells in suppressing and eliminating engrafted tumor cells in xenograft mouse models and can potentially be a similar predictor for therapeutic efficacy in clinic. 29 We established two xenograft models of T-ALL using luciferase-expressing Jurkat cells, and demonstrate that within the window of NK cell life expectancy, tumor burden was substantially reduced by over 50% in mouse model 1 and over 80% in mouse model 2 by Day 11. Subsequent injections beyond the initial course served as a maintenance therapy for tumor suppression with the need for multiple injections an indicator for NK cell transiency. Consistent with this notion, shortly after CD5CAR NK-92 injections were halted, tumor re-emerged from both mouse models suggesting at the inability of injected NK-92 cells to completely eradicate Jurkat tumor growth and the limited ability of NK-92 cells to persist in the murine body without supportive cytokines and environment. Such tumor re-emergence from various murine reservoirs have been documented in various xenograft models 4, 29, 32 before. To test the idea of NK transiency, we conducted injections of up to 6 × 10 7 CD5CAR NK-92 cells into mice and could not detect NK-92 cells in PB, spleen or bone marrow after 2 weeks (data not shown). NK cell therapy may thus need to include multiple dose injections as opposed to single dose CAR T injections for the same persistency observations. However, in clinic, NK cells could be allogenic and could be stabilized in a human microenvironment.
Unlike T-cells, NK-based therapies will have to balance the persistency of NK cells with tumor-lytic efficacy. Such treatments may be more suitable as quick-hitting transient treatments for the depletion of target tumor cells or self-reactive T-cells in preparation for transplantation. The potential disadvantages of using NK cells in CAR therapy include a lack of persistency and difficulty of high efficiency CAR transduction that may reduce long-term efficacy (which may be overcome by multi-administrations of CD5CAR NK cells as suggested by our dosage experiments). While the use of CD5CAR primary NK cells is important for clinical outlook, the cell culture issues of autologous primary NK cells are well documented 11 and, in particular, are difficult to transduce with high efficiency. However, given the nature of NK cells, such therapy may alternatively serve to reduce the effect of cytokine storm or other inflammatory reactions elicited through usual CAR-T treatment. 33 Due to these properties of NK cells, NK therapy has potential in transient depletion of tumor cells as a result of inherently shorter lifespans and persistency mechanisms. We postulate that NK CAR therapy may be used as an 'off-the-shelf', transient cell therapy. Dosage experiments with CD5CAR show a linear association between CD5CAR NK-92 quantities vs target cell populations suggesting that mean numbers of NK cell infusion may relate to tumor-lytic efficacy, which can be optimized for clinical outcomes. With a 'hit and run' approach, NK cells can be used as a standalone treatment or a bridge therapy, that is, for minimal residual disease in preparation for bone marrow transplant. Because NK cells are exhausted shortly thereafter, persistency and cytokine issues with T-cells are avoided. The off-target toxicity of T-cell depletion, when the CD5CAR is applied, may be expected. Therefore, developing strategies to identify therapeutic windows, which patients can be tolerant, is important for CD5CAR therapy. A safety switch in CD5CAR is preferred and that should increase its safety although NK CAR therapy could be considered a transient treatment.
In conclusion, we have shown that CD5CAR transduced NK-92 cells have potent efficacy effects in vitro and in vivo that show significantly improved survival outcomes for CD5CAR treated mice. Our study projects that CD5CAR NK cells could be used alone in a short-term window or act as a bridge therapy for standard care procedures.
